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Abstract 


Decentralized power generation is gaining significance in liberalized electricity markets. An increasing decentralization of power supply is 
expected to make a particular contribution to climate protection. This article investigates the advantages and disadvantages of decentralized 
electricity generation according to the overall concept of sustainable development. On the basis of a hierarchically structured set of sustainability 
criteria, four future scenarios for Germany are assessed, all of which describe different concepts of electricity supply in the context of the 
corresponding social and economic developments. The scenarios are developed in an explorative way according to the scenario method and the 
sustainability criteria are established by a discursive method with societal actors. The evaluation is carried out by scientific experts. By applying an 
expanded analytic hierarchy process (AHP), a multicriteria evaluation is conducted that identifies dissent among the experts. The results 
demonstrate that decentralized electricity generation can contribute to climate protection. The extent to which it simultaneously guarantees 
security of supply is still a matter of controversy. However, experts agree that technical and economic boundary conditions are of major importance 
in this field. In the final section, the article discusses the method employed here as well as implications for future decentralized energy supply. 
© 2007 Elsevier Ltd. All rights reserved. 
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1. Introduction 


To date the electric power supply in Germany and other 
industrialized countries has been characterized by large power 
stations and a hierarchically organized grid structure. 
Recently, however, decentralized electricity generating plants 
have been attracting increasing interest. A shift towards 
decentralized technology can be observed in many indus- 
trialized countries [1-4]. The reasons for this are the 
deregulation of the electricity markets, problems with 
licensing new high-voltage transmission lines, increasing 
demand for a highly reliable power supply and, in particular, 
the problems associated with climate change [1]. In Germany, 
it seems possible that centralized plants may be replaced by 
decentralized facilities since in the near future a considerable 
number of old plants will have to be replaced by new ones. For 
example, in its final report [5], the select committee of the 
German Bundestag concerned with the “Sustainable Energy 
Supply” estimated on the basis of the previously recorded 
lifetimes of power plants that between 2010 and 2025 new 
power plant capacities of 40-60GW will have to be 
constructed. The question therefore arises of whether 
decentralization is indeed beneficial. 


1.1. What is decentralized electricity generation? 


First of all, decentralized electricity generation means ‘‘an 
electric power source connected directly to the distribution 
network or on the customer side of the meter” [6]. This 
means that the electric energy only needs to be transported 
over short distances, thus reducing transportation losses. The 
most common technical term is ‘“‘distributed generation” 
(DG). 

Although this definition does not define the size of 
the generation source, the point of connection to the 
network actually limits the power which can be fed into 
this network level. Ackermann et al. suggest that a 
distinction should be made between micro-DG (unit size 
below 5 kW), small DG (5 kW to 5 MW), medium DG (5- 
50 MW) and large DG (50-300 MW). In the U.S.A. the term 
“distributed utility” is also used, which includes not only 
local generation but also local storage and local demand side 
management [7]. 

In our study, decentralized electric power generation is 
described by the contribution of combined heat and power units 
(CHP) (micro and small) to overall electric power generation 
and by the introduction of virtual power plants. 

Second, while most publications about distributed genera- 
tion [1,7—9] assume that the decentralized generation units 
feed into the existing, hierarchically structured distribution 
network, decentralized electric power supply can also mean 
a decentralized network structure. Such a decentralization of 
the network is only possible with decentralized generation 
units. 

In our study, in case of a high proportion of distributed 
generation we also assume a certain degree of decentralization 
of the grid. 


1.2. Expectations for decentralized electricity generation 


Very different expectations are associated with decentrali- 
zation. They range from economic [7] and above all ecological 
benefits up to and including an improvement of sustainability in 
the broadest sense [1]. 

The following have been mentioned as benefits of 
decentralized electricity generation: 

“On-site production avoids transmission and distribution 
costs [...]. On-site power production by fossil fuels generates 
waste heat that can be used by the customer.” (This is called 
“cogeneration” or “combined heat and power” (CHP).) 
“Distributed generation may also be better positioned to use 
inexpensive fuels such as landfill gas” [1]. 

A life cycle assessment [10,11] shows that CHP leads to 
savings in primary energy consumption and to lower emissions 
of CO, and pollutants (apart from non-methane hydrocarbons 
(NMHC)). 

It can also help to avoid expensive investments in the power 
distribution network [8,12,13] and may facilitate the applica- 
tion of renewable energy sources and efficient technologies 
[12]. 

Under certain conditions, it may increase the reliability of 
the supply and reduce the vulnerability of the energy supply 
system [13]. 

However, distributed generation may also have disadvan- 
tages. 

According to the International Energy Agency [1] “DG has 
higher unit capital cost per kilowatt than a large plant. It has 
lower fuel economy, unless used in CHP mode, and uses a more 
limited selection of fuels. For photovoltaic systems, operating 
costs are very low but high capital costs make it uncompetitive. 
“Studies by the Congressional Budget Office (CBO) [12] and 
the U.S. Department of Energy [13] also point to higher costs as 
a possible disadvantage. 

Distributed generation may reduce the stability and quality 
of supply or, if this is to be avoided, may require costly 
investments [1,8,9,12]. 

Whether distributed generation has a positive or negative 
influence on stability of supply depends on the way in which the 
decentralized plants are operated. An operating mode in which 
CHP plants are controlled by the heat demand and wind energy 
converters by the available wind will reduce the stability of 
supply. In order to improve supply stability, generation must be 
controlled by the demand for electricity [1]. 


1.3. Previous studies on the advantages and disadvantages 
of distributed generation 


Previous studies on the advantages and disadvantages of 
decentralized electricity generation include, on the one hand, 
those that deal with selected issues of distributed generation 
(DG) [1,12-14]. These studies leave unanswered the question 
of whether these issues can be regarded as sufficiently complete 
for an evaluation of decentralized electricity generation or 
whether additional issues must be considered for a compre- 
hensive assessment. They do not proceed from specific energy 
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supply scenarios in which decentralized generation is 
represented as a building block in the energy supply. 

On the other hand, Alanne and Saari [15] place their 
assessment of DG in the sustainability context but decide not to 
become involved in “comparing the performance of different 
energy systems in terms of sustainability indicators”. On the 
contrary, they examine the extent to which DG can contribute to 
making the energy supply system itself sustainable in the sense 
that it will be able to fulfil future demands. 

Although the aim of the EurEnDel study [16] was not a 
comprehensive assessment of sustainability, nevertheless, the 
study developed various scenarios [17] and investigated the 
question of which technological developments in the various 
scenarios display ‘robust’? benefits or could at least be 
beneficial in some areas, also including DG. 

In Bohnenschafer et al. [18], sustainability criteria from 
various sources in the literature are compared and by applying 
an approach from an earlier study [19] a set of criteria and 
minimum demands are compiled. Experts from seven 
institutions were charged with the task of providing a 
qualitative evaluation of the performance of 16 selected 
electricity generating technologies, including 5 decentralized 
technologies, in comparison to the reference technology 
“combined cycle plant” for these criteria. Two of the 
institutions contacted did not wish to participate in this survey 
because in their opinion the performance of electricity 
generating systems depends decisively on boundary conditions 
such as upstream processes (i.e. all the processes necessary for 
the production of the technology and the extraction of raw 
materials), operating conditions and energy mix, which were 
not specified in this study. The study compared the assessments 
made by the various experts and came to the conclusion that 
they do not display any major differences. The aggregated 
overall evaluation, in which all the criteria get the same weight, 
is indifferent with respect to practically all criteria since the 
advantages of some of the criteria cancel out the disadvantages 
of others. The complete spectrum of advantages and 
disadvantages only becomes apparent on the level of the 
individual criteria. No consideration is given to the interactions 
of the technologies with the overall national economy and 
society as a whole. 

Longden et al. [20] proceed from scenarios and use a wide 
range of criteria. They evaluate whether it is better to construct 
plants for producing energy from waste on a centralized or 
decentralized basis. However, the results cannot be transferred 
to distributed generation in general. 

Radgen and Oberschmidt [21] evaluate the properties of 
several CHP technologies using a multicriteria method, but, 
like Bohnenschafer et al. [18], only the technology itself with 
no respect to scenarios. The study includes only large 
centralized CHP plants and no distributed generation. 

There is thus still no study that evaluates DG both in the 
context of specific scenarios and also its performance with 
respect to a comprehensive set of sustainability criteria. 

The present article indicates the advantages and disadvan- 
tages of DG obtained on the basis of comprehensive 
sustainability criteria in the context of specific scenarios. 


Section 2 describes the procedure, the scenarios and the 
sustainability criteria as well as the methodology of the study. 
The results are presented in Section 3, while Section 4 discusses 
the findings and Section 5 contains the conclusions. 


2. Methodology and procedure 


The task in hand makes certain demands on the methodology: 


(a) Depending on the technical and economic boundary 
conditions, the advantages and disadvantages of decen- 
tralized electricity generating plants are different and have 
different effects. It is therefore not sufficient to simply 
consider all decentralized electricity generating technolo- 
gies, but they must rather be considered when embedded in 
scenarios. This demand was also mentioned in Bohnenscha- 
fer et al. [18]. 

(b) The goal of “sustainability” is multidimensional [22] so 
that the methodology must be capable of reflecting this 
multidimensionality. 


The present studies are therefore based on (a) four scenarios 
compiled with the participation of societal actors and 
representing conceivable future visions. They differ not only 
with respect to the degree of decentralization of the electricity 
supply but also with respect to other technical, economic and 
social conditions. 

With respect to (b), the evaluation paradigm “‘sustain- 
ability” was also operationalized with the participation of 
societal actors in a set of criteria structured in a value tree. 

The scenarios and the value tree were presented to scientific 
experts who had the task of assessing the extent to which these 
criteria were fulfilled in the four scenarios. 


2.1. Starting point for the investigations 


2.1.1. Scenarios 

In three 2-day moderated scenario workshops with 25 
participants from science and society at large, four energy 
scenarios were developed with a spatial focus on Germany and 
a time horizon of 2025 [23]. The Battelle Scenario Inputs to 
Corporate Strategy (BASICS) method was used to generate 
scenarios of the likely determinants. According to the typology 
drawn up by Börjeson et al. [24], these are explorative 
scenarios. They integrate demographic, economic, societal and 
technological knowledge. 

In the following, the essential aspects of the scenarios are 
described which are of significance for evaluating decentraliza- 
tion. 


e Scenario A: 

o societal consensus on priority of environmental protection, 

o energy mix with high percentage of gas and renewables, 

o high contribution of distributed generation to total 
electricity generation, 

o great portion of distributed generation is integrated in 
virtual power plants, 

o movement away from urban towards rural areas. 
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e Scenario B: 

© government actively involved in protecting climate and 
environment, 

o energy mix with high percentage of gas and renewables, 

o contribution of distributed generation lower than in 
Scenario A, 

o only few virtual power plants, 

o in settlement structure, preference given to developments 
on the outskirts of urban areas. 

Scenario C: 

© government encourages the success of German enterprises 

by heavy investment in innovation and technology policy, 

support for environmental and health remains moderate and 

is of secondary importance, 

energy mix with high percentage of coal and nuclear, 

investments made for modernizing centralized plants, low 

proportion of decentralized facilities, 

in settlement structure, preference given to developments 

on the outskirts of urban areas. 

Scenario D: 

o little government involvement, 

o energy mix with high percentage of coal and nuclear, 

o little investment, old plants continue to be operated, low 
proportion of decentralized plants, 

o in settlement structure, preference given to developments in 
urban areas. 


Table 1 shows the percentage of decentralized plants in 
electricity generation in the various scenarios. 


2.1.2. Value tree 

The sustainability criteria which were to be used to evaluate 
the scenarios were compiled by a value tree analysis [25]. 
A value tree was set up by means of interviews with 
11 representatives of associations in the energy economy, 
environmental and consumer protection as well as with trades 
unions. This value tree contains all the criteria of a sustainable 
energy supply regarded as important by the associations. The 
goal of “sustainability” was differentiated on three levels. On 
the first level, the objective was described by the five areas of 
environmental protection, health protection, security of supply, 
economic aspects and social aspects. On the second level, 
between 4 and 8 criteria were assigned to each area—31 in 
total. And on the third level, they are divided into a total of 
86 criteria. Fig. 1 shows a section of this value tree in which 
only those criteria are depicted that have an influence on 
decentralization. 
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2.2. Procedure 


The four scenarios were evaluated by 11 scientific experts by 
means of the sustainability criteria. In selecting the scientific 
experts, consideration was given to the fact that their individual 
expertise should, if possible, cover all the criteria of the value 
tree when combined. In order to ensure a plurality of experts at 
least to a certain extent, in the fields of environmental 
protection, economics and security of supply several experts 
were charged with the same tasks. 

There are several multicriteria methods which have already 
been successfully applied in energy planning. One of these is 
the AHP approach (analytic hierarchy process) [26,27] which 
has been widely used and verified by comparison with other 
methods [28]. On the basis of this approach, the AHP scale was 
used to evaluate the scenarios. The AHP method permits paired 
comparisons between the scenarios using a standardized 
evaluation format. The AHP approach was expanded in order 
to make explicit any disagreement among the experts. Each 
expert had to specify what he based his evaluation on. It was thus 
possible to categorize and reveal differences between the 
evaluations of several experts. The scientific experts received 
standardized data sheets to enter their evaluations and were given 
detailed instructions. The experts were set the following tasks: 


. The four scenarios had to be evaluated on the lowest level of 
the value tree. If the criteria were still at too high a level of 
aggregation then they had to be operationalized in a first step 
so that it was possible to provide specific information. 

. Wherever possible a quantitative assessment was required. 
As a refinement of this assessment, it was possible to 
specify an area which, in the expert’s opinion, probably 
contained the values and also to indicate the most probable 
value. 

. If it was not possible to specify a quantitative value then in 
accordance with the AHP paired comparisons should be 
made for all four scenarios with respect to the relevant 
criterion on the verbal rating scale with nine steps in both 
directions [e.g. 29]. Furthermore, verbal evaluations had to 
be made to illustrate the differences between the scenarios. 

. The rating confidence for each evaluation had to be given on 
a five-step scale (0 = I have no confidence in my judgment; 
5 =I have complete confidence in my judgment) 

. Reasons had to be given for all assessments. The basis for the 
respective assessments had to be made clear, the assumptions 
and hypotheses on which the judgment was based and what 
scenario elements were used to make the judgment. 


Table 1 

Contribution of distributed generation to the electricity generation in the scenarios 

Technology Scenario A Scenario B Scenario C Scenario D 
CHP (gas-fired) 5. ..100 kW. 5% 3% 3% 2% 

CHP (gas-fired) < 5 kWa 2.5% 1% 0.5% 0% 
distributed generation from renewables 15% 10% 5% 5% 


CHP: combined heat and power. 
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Fig. 1. Partial view of the value tree. 


6. After all the assessments had been made, the experts had to 
review their own opinions in view of the evaluations made by 
the other experts. 


The experts assessed the scenarios as a whole and not only 
the isolated aspect of decentralization. This is necessary since 
any change in the electricity supply system would have 
repercussions on other fields of human activity, which would 
also affect the criteria. The grading of the scenarios 
performed by the experts in the form of paired comparisons 
therefore form an integral assessment. As a result an 
assessment of the impacts of distributed generation was 
obtained according to the conditions prevailing in the 
scenarios under consideration. On the basis of the justifica- 
tions put forward by the experts for their evaluations it was 
possible to identify the influence of decentralization on the 
assessment of the criteria. 


2.3. Analysis 


If there were only marginal differences between the 
assessments by the various experts the evaluations were 
aggregated. 

The geometric mean was used for the aggregation, as 
recommended by Saaty [30]. From the evaluation of a large 
number of sources, Budescu et al. [31] conclude that “some 
form of averaging is almost always nearly optimal”. Münnich 
et al. [32] show that important demands on the aggregation 
procedure can be fulfilled by quasilinear means. The group of 
quasilinear means includes in particular the arithmetic mean 
and geometric mean. The “Team Expert Choice” software, 
which implements the AHP for several assessors, also forms the 
geometric mean of the paired comparison factors [33]. 

In the case of different expert assessments, the reasons for 
the discrepancies were analysed by the authors. On the one 
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hand, these may represent differences in the assessment of the 
same aspect, for instance, if an expert is of the opinion that 
small-decentralized plants are beneficial for the security of the 
grid, whereas another expert takes the view that they reduce this 
security. In such cases, the evaluations of the individual experts 
are given separately in order to highlight the differences. 

On the other hand, differences may be due to the fact that the 
experts’ evaluations are based on different, complementary 
information. An example is the criterion “efficiency of the 
production of goods and supply of services”. In this case, one 
expert justifies his assessment by his view that regulatory 
instruments are more effective than free market mechanisms, 
whereas the second expert considers that the high capital 
expenditure for the construction of new plants reduces 
efficiency, and a third expert uses consumer price developments 
as a yardstick for efficiency. These different evaluations are not 
mutually exclusive, but rather complement each other so that in 
spite of the different scenario rankings provided by the experts 
their evaluations were aggregated. 


3. Results 


3.1. Performance of the scenarios with respect to the 
criteria 


As a tule, the results of the scenario evaluations are paired 
comparisons which indicate the relative differences between 
the scenarios. The experts found it impossible to make an 
assessment with respect to the absolute degree to which the 
criteria were fulfilled. This was due to a number of reasons. 


1. Many factors are only given qualitatively in the scenarios or 
are uncertain. 

2. The framework for the expert judgments is electricity 
generation. But for sustainability assessment, for example, 
the total amount of emissions is relevant and electricity 
generation is not the only source of emissions. Other 
important sources of emissions mentioned by the experts are 
outside the frame of reference of the scenarios, such as road 
traffic and agriculture. In part, the experts assumed that these 
sources would cause roughly the same level of emissions as 
today, and in part that the current trend towards emission 


Table 2 


reduction would continue analogously. They did, however, 
note that decentralization may lead to an increase in road 
traffic and that the use of renewable energy sources may 
result in an intensification of agriculture. 


In the following, the results of the expert judgments are 
given for the respective sustainability criteria. 

In the field of environmental protection the impacts of 
distributed generation are quite apparent. They relate to three 
criteria: 


“reduction of CO, emissions” from households, manufac- 
turing industry and companies in the supply sectors, 
“conservation of raw materials”, i.e. economical use of fuel 
for the production of supply services for production and 
operation: this refers to sources of primary energy such as 
coal, natural gas and uranium, 

e “conservation of materials’’, i.e. economical use of materials 
required during the construction, operation or dismantling of 
supply installations (power plants, wind turbines, heating 
plants), e.g. sand, minerals or metals. 


Distributed generation has a positive effect on the “con- 
servation of fuels” and the associated “CO, emissions” since it 
encourages the application of combined heat and power (CHP) 
and thus leads to lower fuel consumption. CO, emissions are 
additionally reduced since decentralized plants can only be 
operated with gas or a similar high-quality fuel with a low carbon 
content, whereas a large proportion of the centralized plants are 
coal-fired. In contrast, as the most important influence on the 
“conservation of materials” distributed generation has an 
obviously negative effect since the construction of a number 
of small plants results in a greater consumption of materials than 
the construction of a few large plants. The integral evaluation of 
the scenarios with respect to these criteria is shown in Table 2. 

The impacts in the security of supply sector are characterized 
by a number of conflicting influences and great uncertainty. 

Dependence on natural gas, which is intensified by 
decentralized plants, is the main reason for the negative 
assessment of scenarios A and B for the “diversification of 
suppliers” criterion (the spatial distribution of reserves of the 
energy catrier). 


Performance of scenarios with respect to criteria from the sector of environmental protection 


Criterion Performance of Scenarios 
lower----------------------------- higher 
by a factor of------------------ by a factor of 
.25----, 5------ 1------ 2------- 4 
ReductionofCOz emissions ==777 DaCsesessossaa7=5 e i 
Conservation of raw materials (fuels) 9 —------ DC-------=-------- B-A------ 
Conservation of materials == ===--- J==cncz Bas-=C==5D=ssss5== 


The table shows the relative performances of scenarios A-D as derived from the experts’ assessments using the AHP paired comparisons method. The performance of 
each scenario is indicated by its position on a 31-step logarithmic scale. The centre of the scale indicates average performance. The leftmost/rightmost position 


indicates a performance which is a factor of 4 lower/higher than average. 
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Performance of scenarios with respect to criteria from the sector of security of supply 


Criterion Performance of Scenarios 
lower----------------------------- higher 
by a factor of------------------ by a factor of 
.25---- .5------ 1------ 2------- 4 
Hees ; ee eres a ae Choe Ss tes 
Diversification of suppliers B-A- D 
Independence of diminishing resources = ===> CaDeaseosces B-A-------- 
ss as i Re roa pa A-----------C--------- 
B D 
ee a a 2- C------ B----- A------- 
Diversification of supply sources D 
4 experts nnn C--------- B----------- A- 
4 different assessments D 
B 
ome ev ame ems a> oa A-----------C------------ 
D 
Faulttolerance nnn D--C------- B---A------- 
----- A\----B---------C----D----- 
Security ofthe grid = o CSE Boz O S E 
4 experts A 
3 different assessments === B--------------- 
Cc 
D 
------- A-----B------C---------- 
D 
Security of plants EEE E ta vase EE, Baia ae 
3 experts A 
3 different assessments === === == B--------------- 
C 
D 
----- A----B---------D----C----- 
a S A------------- C----D---- 
Low-cost availability B 
4 experts --D-------- C------- B-------- A-- 
4 different assessments B 
——— A-----------C------------ 
D 
-------- D------A------B-------- 
G 
ma a aian cans OOS C--------------- B---A---- 
Reversibility of the supply system D 
4 experts S aa Be eee j ee 
4 different assessments D c 
B 
pees ce J\-----------C------------ 
D 


The table shows the relative performances of scenarios A-D as derived from the experts’ assessments using the AHP paired comparisons method. The performance of 
each scenario is indicated by its position on a 31-step logarithmic scale. The centre of the scale indicates average performance. The leftmost/rightmost position 
indicates a performance which is a factor of 4 lower/higher than average. If two or more scenarios are assigned to the same step on the scale, they appear in a column in 


the appropriate place. 


The dependence on natural gas also has a negative effect on 
the “independence of diminishing resources” (this criterion 
demands that resources which are finite in the long term, such 
as fossil energy carriers and rare metals, should be replaced), 
but this is more than compensated by an overall lower 
electricity consumption and a higher proportion of renewable 
energies. 

With respect to an evaluation of the “diversification of 
supply sources” (which requires the most varied possible mix 
of different classical and renewable energy sources), the 
experts had different opinions on whether the positive effect 
of a high percentage of decentralized plants or the negative 
effect of a great dependence on natural gas would be more 


significant. With this criterion, two experts rated Scenario A, 
which had the highest proportion of decentralized plants, as 
particularly good, whereas two other experts rated it as 
particularly poor. 

With respect to “fault tolerance’’, i.e. the ability of a supply 
system to fulfil its specific supply function even with a limited 
number of malfunctioning subsystems, components etc., 
decentralized plants were unanimously regarded as positive. 
According to the experts, decentralized plants increase fault 
tolerance since failure of one small plant would have a much 
smaller impact that than the failure of a large facility. 

Similar arguments were put forward for the criteria 
“security of the grid” (avoidance of technical grid failures) 
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and “security of the plants” (avoidance of technical plant 
failures). Failure of a small plant has much less severe impacts 
than failure of a large facility. If, however, the decentralized 
plants are centrally controlled (so-called virtual power plant) 
then malfunctions of the central control may lead to similar 
impacts to that of failure of a large facility. On the other hand, 
decentralized plants without central control may lead to 
problems with grid stability. Two experts therefore put forward 
different assessments here. The third expert did not see any 
difference since it is ultimately a question of the specific 
technical design and the level of investment for increasing 
reliability as to whether distributed generation increases or 
reduces security of the grid and plants. 

Higher material and labour costs for the construction and 
maintenance of decentralized plants has a negative impact on 
“low-cost availability” (of supply services). Opinion differed 
as to whether this can be compensated by lower fuel costs and 
other savings. 

“Reversibility of the supply system” was rated differently 
by different experts. On the one hand, small-decentralized 
plants were regarded as more flexible (easier to replace) than 
large centralized facilities. On the other hand, high capital 
expenditure is always practicably irreversible irrespective of 
whether it is made in decentralized plants, centralized facilities 
or in reconstructing the grid. 

The integral evaluation of the scenarios with respect to these 
criteria is shown in Table 3. 

In contrast, with respect to economic aspects, investments in 
decentralized plants are rated positively and have the greatest 
influence concerning the criteria of “investment activities” 


Table 4 


(regular investments according to the state of the art to prevent 
even higher follow-up costs) and “innovation activities” 
(continuous R&D activities and also the application of new 
technologies in companies in the supply sectors) as well as the 
“establishment and development of know-how on new 
technologies”. 

The high labour costs regarded as detrimental in the field of 
security of supply for “low-cost availability” have a positive 
side with contributions to ‘“‘safeguarding and increasing the 
number of jobs” and “income growth” (influence of supply 
sectors on the growth of national income) and “income 
protection” (influence of the supply sectors on the constancy of 
national income). According to the experts, the supply sectors, 
however, only have a marginal influence on employment and 
incomes, while the main influence is that of general economic 
growth. 

With respect to the “ability to adapt to market require- 
ments” (ability of companies in the supply sector to adapt with 
respect to the requirements of both supply and demand), 
decentralized generation is the main positive influence, 
although this largely concerns administrative and economic 
decentralization rather than technical decentralization. 

Finally, opinion differs as to the “efficiency of the 
production of goods and supply of services”. On the one 
hand, administrative and economic decentralization and also 
lower fuel consumption increases efficiency, but on the other 
hand efficiency is reduced in the case of distributed generation 
due to higher investment and maintenance costs. 

The integral evaluation of the scenarios with respect to these 
criteria is shown in Table 4. 


Performance of scenarios with respect to criteria from the sector of economic aspects 


Criterion Performance of Scenarios 
enna nnn nnnn nnn enna nnn nnn higher 
by a factor of 
25---- .5------ 1------ 2------- 4 
Investment activities 0 D C= D-=--==-== B---A------ 
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Creation and development of knowledge on new | ee ee TEIE ae 
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Safeguarding and increasing the number of jobs ------ D------- B---C---A-------- 
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Income protection ell = al 
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Ability to adapt to market requirements oe a B 
Efficiency of the production of goods and supply of | ------ D----- C----- B----- A------ 
services 
Srempertss S Ila -e a E Cee 
B D 


2 different assessments 


The table shows the relative performances of scenarios A-D as derived from the experts’ assessments using the AHP paired comparisons method. The performance of 
each scenario is indicated by its position on a 31-step logarithmic scale. The centre of the scale indicates average performance. The leftmost/rightmost position 
indicates a performance which is a factor of 4 lower/higher than average. If two or more scenarios are assigned to the same step on the scale, they appear in a column at 


that step. 
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4. Discussion 
4.1. Results 


The experts’ assessments show that distributed generation 
can fulfil the expectations associated with it, in particular it can 
make a contribution to climate protection, although it does 
involve certain disadvantages. Distributed generation does not 
have clear advantages in any of the sustainability dimensions. 

In the field of environmental protection, distributed 
generation (CG) can reduce emissions of CO, and the 
consumption of primary energy carriers, which confirms the 
expectations mentioned in the literature [e.g. 1]. On the other 
hand, this leads to a higher consumption of materials for 
constructing the plants. This aspect is frequently overlooked. 
Strachan and Farrell [34] investigated other emissions and 
discovered that it depends on operating conditions and other 
technical details whether in this respect DG with combined heat 
and power (CHP) is more efficient than centralized electricity 
generation with distributed heating boilers. 

With respect to security of supply, distributed generation 
increases dependence on natural gas and thus actually reduces 
security of supply. This aspect is also mentioned by Pepermans 
et al. [14]. 

Security of the grid and the plants is rated in different ways, 
both by the experts interviewed and also in the literature. 
Whether decentralized electricity generating plants reduce or 
increase grid stability depends on a number of technical details. 
On the one hand, the International Energy Agency [1] assumes 
that “The reliability of electric power systems can be enhanced 
by distributed generation”, but, on the other hand, also lists a 
number of problems: “voltage control” , “reactive power” and 
“protection”, and finally argues that “The main potential 
negative effect of distributed generation is an increased need for 
regulating power. This additional backup capacity will be 
needed if the DG technologies cannot be centrally con- 
trolled. ..?”. De Joode and van Werfen [8] mention both 
advantages and disadvantages, e.g. “‘(+) Installed (controllable) 
capacity increases and (—) changing power flows are hard to 
handle”. 

With respect to economic aspects, the experts are in 
agreement with each other and with the literature [e.g. 1] that 
small-decentralized energy generating plants require greater 
capital investment than large centralized facilities. It is, 
however, uncertain whether the balance of capital costs for 
investment and achievable savings in primary energy con- 
sumption yields a net profit or not. This depends on the 
unknown developments of the money markets and the primary 
energy prices. 

It is also consensus that small-decentralized electricity 
generation plants are more labour-intensive than large 
centralized facilities. Although it is true that they may create 
jobs and income in the electricity supply sector, they also 
increase the cost of supplying electric power. Doubt is cast 
upon the statement that on balance more jobs will be created 
since the increased cost of the electricity supply would divert 
purchasing power from other sectors. Pfaffenberger [35] 


pursues this argumentation with the example of renewable 
energies. 


4.2. Methodology 


In particular the following aspects of the methodology 
proved important and helpful: 


e the embedding of decentralized technologies in the overall 
social scenarios, 

e the application of a set of sustainability criteria developed by 
the societal actors involved and accepted by all parties, 

e the involvement of several experts in order to analyse the 
uncertainty of their assessments, 

e the analysis of the justifications put forward by the experts 
permitting differences in their assessments to be categorized, 

e the application of relative paired comparisons, by means of 
which it was possible to handle the basic problem that many 
of the sustainability criteria could only be qualitatively 
assessed. 


This shows that it is not enough merely to consider a 
technology or a technological trend in isolation, but rather that 
all anthropogenic and natural emissions as well as the existing 
loads should be included. It proved difficult to restrict the frame 
of reference of the scenarios to supply systems and settlement 
structure since this does not provide the possibility of giving 
consideration to interactions with other sectors such as the 
impacts of decentralization on the transport sector. In this 
respect, not even the relatively comprehensively defined 
scenarios used in our studies are sufficient. 

The differentiated treatment by the experts is a useful basis 
for an overall assessment by societal actors and increases the 
transparency of the sustainability evaluation. 


5. Conclusions 


The results show that a decentralization of electricity 
generation with respect to sustainability cannot be rated as 
clearly positive or negative, as also pointed out by Alanne and 
Saari [15]. In some cases it has a positive effect on the 
sustainability criteria and in some cases a negative effect and 
sometimes the experts differ in their opinions. This finding 
underlines the necessity of applying a multicriterial method. 
The overall assessment depends on which of the criteria are 
rated as particularly pressing sustainability problems. Further- 
more, many of the impacts depend to a considerable extent on 
the boundary conditions of the scenarios, such as the operating 
conditions of the decentralized plants or on macroeconomic 
conditions. 

The results, moreover, show that suitable measures must be 
taken for the technical implementation of distributed genera- 
tion in order to ensure stability and security of the grid, cf. de 
Joode and van Werfen [8] and Degner et al. [36]. Further 
research is being conducted on this aspect, see for example 
http://www.sedg.ac.uk/. Currently, distributed generation (DG) 
and renewable energy resources (RES) do not contribute to the 


592 


task of securing frequency and voltage on the grid, but with 
increasing contributions of such systems they will have to take 
over part of this task [37]. 

Finally, not only should centralized and distributed 
generation be combined [15], but different decentralized 
technologies should also be applied in order to compensate 
for their different advantages and disadvantages. For example, 
although solar and wind power can achieve great savings of 
fossil fuels and CO, emissions, they are not suitable for 
covering peak loads since they are not always available. In 
contrast, gas- or oil-fired decentralized electricity generating 
plants can be used to cover peak loads but they have higher fuel 
consumption and higher emissions. 
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